RidA is a conserved and broadly distributed protein that has enamine deaminase activity. In a variety of organisms tested thus far, lack of RidA results in the accumulation of the reactive metabolite 2-aminoacrylate (2AA), an obligate intermediate in the catalytic mechanism of several pyridoxal 5-phosphate (PLP)-dependent enzymes. This study reports the characterization of variants of the biosynthetic serine/threonine dehydratase (EC 4.3.1.19; IlvA), which is a significant generator of 2AA in the bacteria Salmonella enterica, Escherichia coli, and Pseudomonas aeruginosa and the yeast Saccharomyces cerevisiae. Two previously identified mutations, ilvA3210 and ilvA3211, suppressed the phenotypic growth consequences of 2AA accumulation in S. enterica. Characterization of the respective protein variants suggested that they affect 2AA metabolism in vivo by two different catalytic mechanisms, both leading to an overall reduction in serine dehydratase activity. To emphasize the physiological relevance of the in vitro enzyme characterization, we sought to explain in vivo phenotypes using these data. A simple mathematical model describing the impact these catalytic deficiencies had on 2AA production was generally supported by our data. However, caveats arose when kinetic parameters, determined in vitro, were used to predict formation of the isoleucine precursor 2-ketobutyrate and model in vivo (growth) behaviors. Altogether, our data support the need for a holistic approach, including in vivo and in vitro analyses, to generate data used in understanding and modeling metabolism.
Microbial metabolic networks are robust systems able to absorb perturbations caused by internal and external stress (1) (2) (3) (4) . Metabolic robustness provides an evolutionary advantage to an organism exposed to sudden and frequent environmental shifts, but the integration of pathways can complicate the ability to predict metabolic potential or model flux distribution based solely upon genomic cataloging (5-7). The extensive integration of metabolic pathways within the network can lead to unanticipated solutions to metabolic perturbations that are often uncovered by genetic analyses (8 -10) . This point is exemplified by the observable differences between Salmonella enterica and Escherichia coli with respect to 2-aminoacrylate (2AA) 2 stress and thiamine biosynthesis, despite the conservation of all the component enzymes in each (8, 11) . The observation that organisms containing the same components may alter the configuration of those parts indicates the need for genetic and biochemical approaches to supplement genomic cataloging in efforts to model cellular metabolism (5, 12) .
A number of pyridoxal 5Ј-phosphate (PLP)-dependent ␤-eliminase enzymes produce and release the reactive molecule 2AA. 2AA then inactivates target PLP enzymes through covalent modification of active-site bound PLP (13) (14) (15) (16) . RidA subfamily members, belonging to the broader Rid (YjgF/YER057c/ UK114) protein family, are enamine/imine deaminases that reduce 2AA accumulation (13, 14, 17, 18) . Strains of S. enterica lacking RidA do not grow on minimal pyruvate medium or minimal glucose medium containing serine. These growth defects are due to 2AA generated by the biosynthetic serine/ threonine dehydratase (IlvA; EC 4.3.1.19) from serine. S. enterica ridA mutants show a mild growth defect in minimal glucose medium, attributable to 2AA generated from endogenously generated serine. Inclusion of serine increases endogenous serine pools and results in greater 2AA production. A ridA mutant fails to grow because of the increased 2AA-dependent damage to multiple enzymes (19 -22) . This global stress is best prevented by mechanisms that reduce 2AA production (e.g. allosteric inhibition of IlvA by isoleucine) (14, (23) (24) (25) (26) (27) . Lack of growth on minimal pyruvate medium has been attributed to 2AA-dependent damage of a single enzyme, the branchedchain amino acid aminotransferase (IlvE; EC 2.6.1.42) (21). WT S. enterica, grown on pyruvate, experiences a flux bias away from isoleucine biosynthesis and toward valine, although sufficient isoleucine is still produced for growth (28) . However, ridA mutants undergo 2AA-dependent damage of IlvE, the penultimate enzyme in the isoleucine synthesis pathway, and experience an isoleucine limitation (14, 21 ). An overview of the role of RidA in the context of branched-chain amino acid biosynthesis is depicted in Fig. 1 .
Suppressor mutations that restored growth to a ridA mutant on minimal pyruvate mapped to ilvA and encoded variant IlvA proteins (26) . The suppressor alleles of ilvA, ilvA3210 and ilvA3211, restored WT levels of IlvE activity and allowed isoleucine biosynthesis sufficient for growth. Isolation and initial analysis of these suppressors was prior to the elucidation of RidA function and the role of 2AA in causing the phenotypes of a ridA mutant. Notably, the suppressor mutations were unable to restore growth of a ridA mutant on medium containing serine, indicating the IlvA variants still produce 2AA when serine levels are elevated. Based on the current understanding of the RidA paradigm, two scenarios could explain how the IlvA variants restored growth of a ridA mutant on pyruvate medium but not in the presence of serine. First, the IlvA variants could have decreased affinity for the 2AA precursor, L-serine. Second, the catalytic turnover of the variants could be reduced, maintaining sufficient 2-aminocrotonate production for isoleucine biosynthesis but minimizing 2AA formation. In either scenario, 2AA production by the variants would be reduced but not eliminated. The goal of this work was to biochemically characterize the IlvA variants and better understand the synthesis and impact of 2AA formation by IlvA in the metabolic context of branched-chain amino acid synthesis. We further addressed the feasibility of using kinetic and metabolite concentration data to model the factors controlling IlvA-dependent 2AA metabolism and its impact in vivo.
Results

ilvA3210 and ilvA3211 alleles suppress one 2AA-dependent growth defect
Growth of strains with WT ilvA, ilvA3210, and ilvA3211 was quantified, and the data are shown in Fig. 2 . The ridA mutant failed to grow with pyruvate as a sole carbon source (Fig. 2, A and B) or when minimal glucose medium included serine (Fig.  2, C and D) . As reported previously, the ilvA3210 and ilvA3211 alleles significantly improved growth of the ridA mutant on pyruvate but not in minimal glucose with serine (21). On pyruvate medium, (i) growth of the ridA ilvA3210 and ridA ilvA3211 mutants was not fully restored to WT levels, and (ii) the ilvA3210 allele caused a growth defect in an otherwise WT strain. Both of these phenotypes were corrected by the addition of isoleucine (Fig. 2) . In glucose medium containing 5 mM serine, the ridA ilvA3210 and ridA ilvA3211 strains grew only slightly better than a ridA mutant (Fig. 2, C and D) . In total, these data were consistent with the following hypotheses: (i) IlvA A142T and IlvA G191S have reduced dehydratase activity; (ii) the reduced serine dehydratase activity of the IlvA variants decreases 2AA available to damage cellular targets; and (iii) ilvA3210 decreases flux enough to cause a starvation for isoleucine on pyruvate, even in the absence of a ridA mutation.
ilvA alleles restore branched-chain amino acid aminotransferase activity Threonine dehydratase (IlvA) and branched-chain amino acid aminotransferase (IlvE) activity was assayed in the crude extracts of strains containing four different ilvA alleles (Table 1 , white shading) and stains carrying the same ilvA alleles in addition to a ridA mutation (Table 1 , gray shading). Analysis of the strains with a WT ridA provides insight into the impact of the IlvA variants on the biosynthetic pathway. Each of the ilvA alleles caused a decrease in total threonine dehydratase activity, with ilvA3210 (IlvA A142T , DM15898) and ilvA3211 (IlvA G191S , DM15936) causing an ϳ10-fold decrease. Despite the decrease in threonine dehydratase activity, the strains had WT growth level on minimal glucose medium, emphasizing the excess capacity the cells have to synthesize isoleucine. IlvA and IlvE are encoded in an operon (ilvGMEDA), and the ratio of their activity suggests the status of isoleucine synthesis and/or starvation in the cell (29) . IlvE activity was significantly increased in the ilvA3210 strain, suggesting that the decreased activity of IlvA A142T caused a limitation of isoleucine, which resulted in induction of the operon. Consistent with this model, previous work showed by Western blotting that more IlvE protein accumulates in the ilvA3210 strain than in the WT strain (21). These data correlate with the growth defect of DM15898 (ilvA3210) on pyruvate, where flux through the isoleucine synthesis pathway is less than on glucose medium. Although threonine dehydratase activity measured in crude lysates was slightly higher for IlvA A142T than IlvA G191S , assuming a similar induction The pathways for branched-chain amino acid biosynthesis and 2-aminoacrylate hydrolysis are shown schematically. Enzymes are indicated next to the step they catalyze. IlvA catalyzes the first committed step in isoleucine biosynthesis using threonine as a substrate. IlvA can also dehydrate serine to form 2-aminoacrylate. RidA activity increases the rate of hydrolysis for both enamine products of IlvA. Elimination of RidA causes accumulation of 2-aminoacrylate, which can damage IlvE. (2AC would also accumulate but is not known to have deleterious effects.) Importantly, due to AvtA, absence of active IlvE prevents isoleucine but not valine biosynthesis. IlvA is sensitive to feedback inhibition by isoleucine, as indicated in the schematic. Intermediates in isoleucine and valine biosynthesis compete for enzymes IlvC, IlvD, and IlvE. Abbreviations: AL, 2-acetolactate; AHB, 2-aceto-3-hydroxybutyrate.
Refining the 2-aminoacrylate metabolic model across the ilv operon, the data suggest the specific activity of IlvA A142T in vivo is no greater than that of IlvA G191S . In total, the results show that the capacity of the biosynthetic pathway exceeds what is needed to satisfy growth and supports a hypothesis that allosteric regulation is a major driver controlling metabolic efficiency.
The impact of eliminating RidA in the strains described above is shown by the gray shading in Table 1 . IlvE is irreversibly damaged by 2AA and can be used as a proxy for the amount of this metabolite that accumulates in vivo (14) . A ridA mutant (DM3480) accumulates 2AA, which results in the ϳ50% reduction in IlvE activity, compared with WT (DM9404) ( Table 1 ). 
Refining the 2-aminoacrylate metabolic model
The S. enterica IlvA L447F variant, encoded by the ilvA219 allele, is insensitive to inhibition by isoleucine (30) and, despite having decreased threonine dehydratase activity, increases 2AA production in vivo (14, 27) . This results in a severe decrease in IlvE activity (ϳ75%) in the ridA ilvA219 mutant (DM6946). In contrast, although the ridA mutant strains expressing the IlvA A142T or IlvA G191S variants had lower IlvA activity, IlvE activity was similar, or slightly higher, than the parental strains (Table 1) . This latter result suggested that unlike the IlvA L447F variant, the two suppressor variants of IlvA generated less 2AA in vivo.
The data presented in Table 1 and Fig. 2 suggested a simple correlation between IlvE activity and growth on pyruvate. IlvE activity of ϳ100 nmol of KMV min Ϫ1 mg Ϫ1 (measured on glucose medium) supports adequate isoleucine synthesis for growth in minimal pyruvate medium. By this scenario, ridA derivatives of WT or ilvA219 strains have lower IlvE activity, which constricts isoleucine synthesis and prevents growth. The restored activity of IlvE in the ridA ilvA3210 and ridA ilvA3211 mutants overcomes the growth defect. Notably, this simple model does not explain why ilvA3210, but not ilvA3211, resulted in an isoleucine requirement in minimal pyruvate media.
Characterization of purified IlvA variants
Because IlvA uses serine and threonine as competing substrates, it was possible that differential substrate specificities influenced the in vivo effects described above. Kinetic parameters were determined from purified preparations of the four IlvA protein variants, using either serine or threonine substrate (Fig. 3 ). The threonine saturation curves for all four proteins were fit using the equation by Michaelis-Menten. The saturation curves using serine substrate showed mild positive cooperativity, with Hill coefficients (h) greater than 1. Because the fit of the curves was close using the equation from MichaelisMenten, the slight cooperative effects were not considered in determining the kinetic values of the proteins. This tactic simplified the comparisons between the results with serine and threonine substrates.
Considering the WT protein, the values obtained for the Michaelis-Menten constant (K m ) and catalyst rate constant (k cat ) with serine or threonine were consistent with values previously observed for S. enterica IlvA (31). The IlvA L447F variant had a lower K m value for serine and a higher k cat value with both threonine and serine substrates. Compared with WT enzyme, the IlvA A142T variant had significantly higher K m and lower k cat values for both substrates, whereas the IlvA G191S variant had significantly lower K m and k cat values for both substrates. The specificity constant (k cat /K m ) of an enzyme can be used to assess preference for different substrates. The k cat /K m values showed that all four IlvA proteins were more effective at using threonine than serine (Fig. 3) . However, the ratio of specificity constants (threonine k cat /K m versus serine k cat /K m ) increases from 5 for IlvA to 8 and 9 for IlvA A142T and IlvA G191S , respectively. This suggests that IlvA A142T and IlvA G191S have a slightly stronger preference for threonine over serine than WT enzyme.
The relative in vitro stability of each enzyme variant was determined by measuring enzyme activity over 8 h in the presence of 200 mM serine. IlvA A142T 
Modeling the competing synthesis of 2AA and 2AC in vivo
Use of threonine and serine by IlvA generates two significant metabolites, 2-aminocrotonate (2AC) and 2-aminoacrylate, respectively. 2AC, which is not known to be detrimental if it accumulates, is deaminated to 2-ketobutyrate, a precursor of isoleucine. In contrast, 2AA is detrimental if it accumulates before its conversion to pyruvate, as described above. Thus, the two products of IlvA have opposing impacts on the growth phenotypes, and therefore differences in how the IlvA variants impacted production of both 2AC and 2AA in vivo was significant. The kinetic information of each of the four IlvA enzymes (Fig. 3 ) was used to explore the relationship between formation of 2AA and 2AC in cells with different ilvA alleles. Reported concentrations of endogenous metabolites in E. coli were used to estimate the concentration of L-serine (67 M) and L-threonine (180 M) (32) . The concentration of IlvA (20 M) was based on the concentration of other PLP-dependent enzymes in E. coli (33) . For simplicity, known cooperative and allosteric behaviors of IlvA were excluded from the calculations (34, 35) . Equation 1 predicts product formation for a specified substrate (serine or threonine), accounting for competitive inhibition by the alternative substrate (36 Refining the 2-aminoacrylate metabolic model
Using Equation 1, the amount of 2AC and 2AA generated during steady-state growth was estimated for each of the IlvA variants (Table 2) . Consistent with the conclusion from the data in Fig. 3, Equation 1 predicts each IlvA enzyme generates more 2AC than 2AA. Furthermore, the variants that suppressed the ridA mutant phenotype on pyruvate produced dramatically less 2AA and 2AC than the WT protein. The growth of strains with these variants on minimal medium indicated that these variants produced sufficient 2AC to satisfy the isoleucine requirement of the strain. These data suggest that despite being simplified, Equation 1 does an adequate job of accounting for the effect of the IlvA variants in vivo and suggests the mechanism they use to suppress the ridA phenotype on pyruvate. The ilvA alleles that restored growth to a ridA mutant failed to restore growth when exogenous serine was added, indicating detrimental levels of 2AA still accumulated under these conditions. Equation 1 was used to calculate the impact of 5 mM serine on the products of IlvA. Assuming endogenous serine matched the external concentration, the data showed a significant increase in 2AA production in all strains ( Table 2 ). The strains carrying ilvA3210 and ilvA3211 were calculated to have 2AA levels well above what accumulated in a WT strain without serine addition (85 and 29 M/s for ilvA3210 and ilvA3211, respectively). Interestingly, the amount of 2AC was essentially unchanged in this condition.
A hallmark of the RidA paradigm is that the effects are prevented by the addition of isoleucine, which inhibits IlvA and prevents formation of the toxic 2AA. Addition of threonine was similarly shown to reduce the formation of 2AA, a result that was previously suggested to be due to competitive inhibition of serine catalysis by IlvA. However, for threonine to cause a 10-fold decrease in 2AA production by competitive inhibition, 55 mM L-threonine would be required (Equation 1 ). In contrast, Refining the 2-aminoacrylate metabolic model addition of 1 mM L-threonine eliminated the growth defect of a ridA mutant on minimal glucose medium ( Fig. 4A ) (26) . Modeling of this condition with Equation 1 showed that 1 mM threonine did not affect the level of 2AA, but rather it significantly increased the production of 2AC. Based on this analysis, we hypothesized that the exogenous threonine increased isoleucine biosynthesis, which allosterically inhibited IlvA, decreasing 2AA production (Fig. 1) . A ridA mutant expressing the isoleucine feedback-resistant variant has a growth defect when grown in minimal glucose medium due to the increased 2AA formed. In this strain, L-threonine did not restore growth on minimal medium, a result that is consistent with threonine acting to increase isoleucine synthesis and resulting in the allosteric inhibition of IlvA to allow growth (Fig. 4) .
Discussion
Strains lacking ridA in S. enterica have several metabolic defects that result from the accumulation of 2AA in the absence of RidA deaminase activity. This study sought to use the biochemical characteristics of IlvA variants to better understand the mechanism by which they reversed one defect, growth with pyruvate as a carbon source. Analyzing the role of IlvA in ridA phenotypes is complicated by, among other things, the fact that the enzyme generates both 2AA (from serine) and 2AC (from threonine). The former is potentially damaging, and the latter is a metabolite necessary for synthesis of isoleucine. Therefore, variants that minimize 2AA formation cannot decrease 2AC so much that isoleucine synthesis is compromised. Kinetic analysis of four IlvA proteins, two of which suppressed a ridA growth defect, provided data to address the impact of 2AA and 2AC on growth. Based on these data and a simplified equation to characterize product formation in vivo, several conclusions were made.
IlvA variants able to suppress ridA phenotypes decrease 2AA production
Strains with IlvA A142T or IlvA G191S had significantly less threonine deaminase activity than WT in crude extracts. Equation 1 used data from Fig. 3 to estimate that 2AA production from either IlvA A142T or IlvA G191S was reduced 10-fold from WT IlvA ( Table 2 ). IlvE activity in ridA ilvA3210 and ridA ilvA3211 strains was not statistically significantly different from the isogenic parents (ilvA3210 and ilvA3211, respectively), allowing the conclusion that a 10-fold reduction in 2AA eliminated detectable damage to the target IlvE. Exogenous serine (5 mM) in the growth media could still lead to significant 2AA production (Table 2) , which then eliminates growth (Fig.  2) . The fact that the IlvA variants with reduced 2AA production also had decreased 2AC production highlights the difficulty in altering enzymes to impact a single substrate.
IlvA A142T and IlvA G191S were compromised catalytically and had increased preference for threonine substrate An expanded two-state model accounting for cooperative interactions within E. coli IlvA has been described previously (34, 35) . Because the saturation curves using threonine or serine substrate could be fit using the hyperbolic equation by Michaelis-Menten, the majority of enzyme active sites (in the absence of isoleucine) exist in the active R-state (35) . This simplified determination and comparison of K m and k cat values for each enzyme. Increased K m and lower k cat values suggested that IlvA A142T bound each substrate less well than the WT enzyme and generated both products more slowly. Alternatively, IlvA G191S bound both substrates more readily (lower K m ) but was compromised in dehydratase activity (lower k cat ). Thus, both enzyme variants were defective in generation of 2KB and pyruvate, but by different mechanisms. These findings highlight two features of enzymes that could impact 2AA produc- Refining the 2-aminoacrylate metabolic model tion and stress in different organisms. Furthermore, the ratio of k cat /K m values for threonine versus serine indicated that IlvA A142T and IlvA G191S had a greater preference for threonine over serine than WT enzyme. PLP enzymes, such as IlvA, are well known for their substrate and reaction promiscuity (37) (38) (39) . This work shows how changes that result in greater specificity toward a single substrate can be undesirable because they can also hamper the maximal rate of catalysis.
Exogenous threonine increases flux toward isoleucine, indirectly controlling 2AA production
A previous report found that mutations increasing threonine biosynthesis could suppress the growth defect of a ridA mutant in the presence of serine (26) . Restoration of IlvE activity suggested that threonine competed with serine for the active site of IlvA and thus reduced the amount of 2AA produced (26) . Implementation of Equation 1 suggested this was an unlikely explanation for the mechanism of threonine, because the amount of threonine required to reduce 2AA generation 10-fold would be unrealistically high (55 mM). The data supported a model in which isoleucine synthesis was increased when threonine was provided (i.e. increased AC production and no change in 2AA). Analysis of the impact of threonine on the growth of an ilvA219 ridA mutant supported this model. The ilvA219 allele encodes a variant of IlvA (IlvA L447F ) insensitive to inhibition by isoleucine. If threonine addition reduced 2AA production via competitive inhibition, the ilvA219 ridA mutant should still be rescued by threonine supplementation. The finding that the ilvA219 ridA strain was not rescued by threonine supported the model implicating isoleucine biosynthesis (and allosteric inhibition of the 2AA generator, IlvA) as the relevant consequence of threonine addition.
Kinetic models can complement in vivo analyses
Assays of IlvA activity in crude extracts were the starting point for understanding how the IlvA variants impacted ridA phenotypes. Unexpectedly, there were several instances where the growth data, crude extract assays, and activity measurements using pure protein seemed inconsistent. First, purified IlvA L447F was not significantly different in catalytic capacity from the WT protein, yet in crude extract, it produced half the activity. Second, data from crude extracts confirmed the growth observation that strains expressing the IlvA A142T variant were starving for isoleucine, based on the apparent induction of the ilv operon (i.e. increased IlvE activity). However, the total activity of IlvA A142T in crude extracts was no lower than that of IlvA G191S . This point was of interest because strains with IlvA G191S have sufficient isoleucine synthesis for growth. The disparity in isoleucine requirement between ilvA3210 and ilvA3211 strains was somewhat reconciled by in vitro assays with purified protein, which showed IlvA A142T had lower affinity for threonine and was less stable over time. This could suggest that IlvA A142T was unable to produce sufficient 2AC in vivo, where threonine concentration is expected to be 2 orders of magnitude lower than that used in crude assays (20 mM ). An inherent difficulty still exists in using in vitro determinations to precisely calculate metabolic flux and model in vivo behaviors. This difficulty encompasses technical limitations, where features like oligomerization, protein stability, small molecule binding affinity, and enzymatic activity are not effectively recapitulated in vitro (40) . Discrepancies between in vitro assays and in vivo behavior are also impacted by transcriptional and post-transcriptional systems of regulation. These differences serve as a reminder that changes in flux caused by enzyme variants can result in unexpected regulatory shifts, as the cells respond to the perturbation. Altogether, the limited effectiveness in using in vitro data to correctly predict growth behavior differences between WT, ilvA3211, and ilvA3210 strains underscores technical limitations and physiological complexity. Despite its simplicity, Equation 1 proved useful in predicting the physiological consequence of threonine addition on 2AA metabolism and thus refined a previous model. In total, the data and discussion herein emphasize the need for a holistic approach for understanding and modeling metabolism, as we seek to define subtle and integrated responses of the cell to metabolic stress and cellular perturbation.
Experimental procedures
Bacterial strains, media, and chemicals
Strains used in this work are provided in Table 3 and are all derivatives of Salmonella enterica serovar Typhimurium LT2. Minimal medium was no-carbon E supplemented with 1 mM MgSO 4 (41), trace minerals (42), and 11 mM D-glucose or 50 mM pyruvate as the sole carbon source. Difco nutrient broth (NB) (8 g/liter) containing NaCl (5 g/liter) was used as rich medium. Difco BiTek agar (15 g/liter) was added for solid medium. Superbroth (32 g of tryptone, 20 g of yeast extract, 5 g of sodium chloride, and 5 ml of 1 N sodium hydroxide/liter) was used for purifying proteins. Antibiotics were used at the following concentrations for rich (or minimal) medium: kanamycin, 50 (12.5) g/ml; chloramphenicol, 20 (5) g/ml; and ampicillin, 150 (7.5) g/ml. All chemicals were obtained from Sigma.
Genetic techniques
Strains were constructed via transductional crosses using the high-frequency general transducing mutant of bacteriophage P22 (HT105/1, int-201) (43) . Methods for performing trans- Refining the 2-aminoacrylate metabolic model ductions, isolation of cells from phage contamination, and identifying phage-free recombinants were previously described (44, 45) . Briefly, recipient cells (ϳ10 8 CFU) and transducing phage (ϳ10 9 PFU) were preincubated for 1 h at 37°C prior to plating on selective media. Transductants were purified by isolation using nonselective green indicator plates, and putative phage-free clones were identified as light green colonies. These clones were checked for phage sensitivity by cross-streaking with phage P22. Transductional crosses in E. coli were performed using bacteriophage P1vir, as described previously (8) . E. coli BL21-AI ⌬ilvA823 was constructed by transduction of the ilvA723::kan locus from the Keio collection into the BL21-AI strain background (46). The kanamycin cassette was then resolved using flippase (FLP) recombinase, as previously described by Datsenko and Wanner (47) , to create E. coli BL21-AI ⌬ilvA823.
Molecular techniques
The ilvA locus was amplified from LT2 strains DM7608 (ilvA3211) and DM7610 (ilvA3210) by PCR with Q5 high-fidelity DNA polymerase (New England Biolabs) using primers IlvA_BspQI_LT2_F and IlvA_BspQI_LT2_R (Table 3 ). The PCR product was purified, digested with BspQI, and ligated into the modified pET28b, pSAPKO-CH, as described by Galloway et al. (48) . The resulting plasmids were named pDM1461 and pDM1543, which encoded IlvA A142T and IlvA G191S fused to a C-terminal penta-histidine tag, respectively. ilvA219 was amplified from LT2 strain DM6947 by PCR with Q5 high-fidelity DNA polymerase (New England Biolabs) using primers IlvA_NdeI_LT2_F and IlvA_XhoI_LT2_R (Table 1 ). The PCR product was purified, digested with NdeI and XhoI (New England Biolabs), and ligated into predigested pET20b (Novagen), digested with the same enzymes. The resulting plasmid was named pDM1420 and encoded IlvA L447F fused to a C-terminal hexa-histidine tag. Constructs were transformed into E. coli DH5␣, and transformants were screened for vectors containing the correct insert. Inserts were confirmed through sequence analysis, performed by Eton Biosciences.
Protein purification
The three plasmids generated above and pDM1578, which encoded S. enterica IlvA fused to a C-terminal hexa-histidine tag and was generated previously (13), were each inserted into an E. coli BL21-AI strain (Invitrogen) lacking the native ilvA locus. The resulting strains were inoculated into 2 ml of LB containing either ampicillin (pET20b-ilvA and pET20b-ilvA219) or kanamycin (pSapKOCH-ilvA3210 and pSap-KOCH-ilvA3211) and allowed to reach full density. These were subcultured into 50 ml of superbroth and grown for 3 h before inoculating 1.5 liters of superbroth, containing the appropriate drug. Cultures were grown at 30°C shaking (180 rpm) to an A 650 of 0.6, and expression was induced by the addition of 0.2% arabinose (pET20b-ilvA and pET20b-ilvA219) or 0.2% arabinose and 0.2 mM isopropyl 1-thio-␤-D-galactopyranoside (pSapKOCH-ilvA3210 and pSapKOCH-ilvA3211) and allowed to grow an additional 16 h. Cells were harvested at 4°C by centrifugation (7,000 ϫ g), and pellets were frozen at Ϫ80°C until purification. During purification, cells were resuspended in 2.5 ml of buffer (100 mM KPO 4 , pH 8, 100 mM NaCl, 20 mM imidazole, and 10% glycerol) for every 1 g of cell pellet. Resuspension was incubated on ice with 1 mg/ml lysozyme and 0.125 mg/ml DNase 30 min prior to cell disruption using a One-Shot Cell Disruptor at 18,000 p.s.i. (Constant Systems). After disruption, phenylmethylsulfonyl fluoride was added to 1 mM. Lysates were clarified by centrifugation (48,000 ϫ g) and filtered through a 0.45-m filter. Filtered lysates were bound to a 5-ml HisTrap TM HP column and purified using the manufacturer's protocol (GE Healthcare). The column was washed using resuspension buffer (100 mM KPO 4 , pH 8, 100 mM NaCl, 20 mM imidazole, and 10% glycerol) and then eluted with elution buffer (100 mM KPO 4 , pH 8, 100 mM NaCl, 500 mM imidazole, and 10% glycerol), in a linear gradient over the course of 10 column volumes. The fractions were assessed for purity, pooled, and concentrated using a 30,000 molecular weight cutoff Ultra-15 centrifugal filter (Amicon). Samples were desalted using a PD-10 desalting column (GE Healthcare) and eluted in storage buffer (100 mM KPO 4 , pH 8.0, 100 mM NaCl, 10 M PLP, 10% glycerol). Protein concentration was determined by the BCA assay (Pierce). Protein was frozen in liquid nitrogen and stored at Ϫ80°C.
Quantification of growth
A 2-l aliquot of cells from an overnight NB culture was used to inoculate 198 l of growth medium. 96-Well plates were incubated at 37°C in a microplate reader (model EL808; BioTek Instruments) with low shaking, and growth was monitored as the change in optical density at 650 nm (OD 650 ) over time. Unless stated, growth experiments were performed in biological triplicate. Results were plotted using GraphPad Prism 7.0d, with curves (log 10 -format) representing averages and standard error of the means for the replicates.
Dehydratase (IlvA) assays
Crude assay-Full-density NB cultures were inoculated (1:100) into 100 ml minimal medium containing 0.67 mM glycine and grown at 37°C shaking to stationary phase (12 h) before being pelleted (10,000 ϫ g, 10 min) and stored as pellets at Ϫ80°C. Cell pellets were resuspended in 2 ml of buffer (50 mM KPO 4 , pH 8.0, 0.4 mM DTT). Lysates were prepared using one pass through a One Shot cell disrupter (Constant Systems) at 18,000 psi, and clarified by centrifugation (20 min @ 16,000 ϫ g at 4°C). Threonine dehydratase assays were carried out as described previously (27, 49) and reported as micromoles 2-ketobutyrate formed per mg of protein per min. Protein concentrations were estimated by the method from Bradford (50) . The experiment contained three biological replicates for each strain tested and the average with standard deviation is reported.
Purified enzyme assay-Pyruvate and 2-ketobutyrate formation was assayed by tracking the absorbance at 230 nm (13, 51) at room temperature (25°C) for 2 mins. Assays were carried out in quadruplicate, using 100 mM potassium phosphate buffer, pH 8.0. To obtain values within the range of detection for the instrument, reactions used 100 nM of IlvA, IlvA L447F , and IlvA A142T for threonine assays and 200 nM of IlvA, IlvA L447F , and IlvA A142T for serine assays; 1 M IlvA G191S was used for both assays. The indicated concentrations of serine and threoRefining the 2-aminoacrylate metabolic model nine were used to start each 200 l reaction, which were assayed continuously in a quartz 96-well plate at room temperature by a SpectraMax Plus (Molecular Devices) supporting SoftMax Pro 7.0 software.
Protein stability-Pyruvate formation with purified protein was assayed as described above. Assays were carried out every 2 h, for a total of 8 h with 200 mM L-serine used to start each reaction. Each measurement was performed in duplicate, using 200 nM IlvA, IlvA L447F , and IlvA A142T and 1 M IlvA G191S . Enzyme preparations were kept on ice between measurements.
Branched-chain amino acid aminotransferase (IlvE) assays
Full-density NB cultures were inoculated (1:100) into 5 ml of minimal medium containing 0.67 mM glycine, grown at 37°C shaking to stationary phase (12 h) before being pelleted (10,000 ϫ g, 2 min), and stored as pellets at Ϫ20°C. IlvE activity was assayed according to previously described methods (27) . Cells were permeabilized in buffer (50 mM KPO 4 , pH 8, 50 M PLP, 10 mM 2-ketoglutarate) containing 10% PopCulture Reagent (Novagen). The reaction was started with 20 mM L-isoleucine. The product, KMV, was derivatized by 2,4-dinitrophenylhydrazine (DNPH), producing a chromophore with absorbance of 540 nm. KMV was quantified using a standard curve from known quantities of KMV derivatized with DNPH and normalized to total protein content (50) .
Kinetic data analysis
Initial velocity calculations were estimated over the course of 2-min reactions tracking ⌬mOD 230 min Ϫ1 for various concentrations of L-threonine or L-serine. Standard curves for absorbance at 230 nm for known amounts of 2-ketobutyrate and pyruvate were used to transform ⌬mOD 230 min Ϫ1 to mol of 2-KB min Ϫ1 and mol of pyruvate min
Ϫ1
. A nonlinear regression fit (Equation 2) to a graph of the substrate concentration versus initial velocity was used to fit the data.
In the absence of cooperative effects (h ϭ 1), this reduced to the equation by Michaelis-Menten (Equation 3), from which each IlvA variant's Michaelis-Menten constant (K m ) and maximal velocity (V max ) values for each substrate could be determined. Calculations were performed using GraphPad Prism 7.0d.
The turnover number (k cat ) was obtained using the activesite concentration (E t ) (Equation 4).
Because IlvA is a dimer of dimers, containing two active sites per enzyme, E t is equal to half of the enzyme concentration used in the assay (52, 53) . 
